Assessment of the optimum level of amputation of an ischaemic limb can be exceptionally difficult. For this reason there has been an intensive effort, particularly in the past 20 years, to find suitable non-invasive ancillary methods to aid in the amputation level selection. This paper reviews three separate research and development areas which have evolved simultaneously in our laboratory: skin partial oxygen pressure, skin blood flow, and infrared thermography. The physiological basis for each of these measurements is discussed along with the merits and demerits of each. WARREN, R., KIHN, R. B. (1968). A survey of lower extremity amputations for ischaemia. Surgery 63, 36, 278-281. 107-120.
Introduction
There is a need for simple, non-invasive tests to assist in the assessment of the viability of skin flaps in amputation surgery. This need arises because of the difficulty involved in estimating what could be termed 'the critical level of ischaemia' by clinical acumen alone. Of course, the need can be abolished by always amputating at a safe level, and indeed this policy might be vindicated by the fact that an above-knee amputation will nearly always heal. However, there are many advantages to below-knee amputation surgery in preference to the aboveknee level (Warren et al, 1968; Burgess et al, 1974; Murdoch, 1975) ; therefore many surgeons will risk an amputation at a level of questionable viability and often be unsuccessful. The reason that, to this day, the majority of amputating surgeons rely solely on their clinical judgement when selecting amputation level, is because a All corres ondence to be addressed to Dr. V. A. Spence, dscular Laboratory, Ninewells Hospital, Dundee DDl 9SY. reliable, reproducible, ancillary method has proved extremely elusive. Many claims have been made for particular techniques, but few have stood up to rigorous prospective clinical assessment.
Presently, the measurement of segmental limb blood pressures by Doppler ultrasound or plethysmography (Dean et al, 1975; Cooperman et al, 1977; Lepantalo et al, 1982) is particularly favoured. However, despite a positive correlation between systolic arterial pressures in a limb and the outcome of the chosen amputation level, the measurements are unsuitable for estimating the precise level of amputation.
Moreover, low pressure measurements at the ankle or below-knee level should not exclude the possibility of a distal or below-knee amputation. Simply, the arterial pressures in a limb can at times bear little relation to skin perfusion. The diabetic foot can provide a very good example of this, where skin ischaemia may co-exist with a normal ankle pressure. On the other hand, despite significantly reduced perfusion pressures, normal blood flow to the skin is possible. This may be achieved by local intrinsic regulatory mechanisms which allow adjustments of volume flow in microcirculatory vascular beds. These vasodilator responses, which are ill understood, constitute the metabolic autoregulation of peripheral blood flow and, in many circumstances, they can completely overcome neurogenic vasoconstrictor effects (Witzleb, 1983) . Consequently, only methods which attempt to measure nutritional capillary blood flow to the skin in potential amputation flaps will have any hope in resolving this particularly difficult but important clinical problem.
This review reports on our twelve year experience into the research and development of three specific measurement areas; skin oxygen partial pressure, skin blood flow and infrared thermography of the skin. The objective is to provide a physiological understanding of such measurements, and to outline the advantages and disadvantages of each method in terms of their clinical practicality.
Skin Oxygen Partial Pressure (SkPO2) An assessment of the supply of oxygen to the skin should provide an ideal index of its viability. However, there is no such thing as a 'skin oxygen partial pressure' (SkPO2), because the PO2 of any organ varies from the PO2 of the arterial blood to the minimal P02's found in the cells of the tissues. The best criterion by which the oxygen supply to the skin might be appreciated is the cellular oxygen partial pressure (Grote, 1983) . Measurement of the PO2 in a single cell is possible by polarography with a needle microelectrode, but the electrodes are so fragile that they have an extremely limited use in the clinical situation. Furthermore, in a tissue with a reduced blood supply, it is difficult to relate the gradients of oxygen tension within that tissue to its state of hypoxia, unless of course there is tissue anoxia. One possibility is to use a much larger needle microelectrode and to measure an average tissue P02. The difficulty here is to choose the size of electrode which will create minimal disruption to the tissues under study, and yet be robust enough to allow measurements in the clinical situation.
We constructed a microelectrode which consisted of a 15 micrometre platinum wire encased in glass which provided an overall tip diameter of approximately 70 micrometers (Spence et al, 1976 (Spence et al, , 1984a . In normal skin, tissue PO2 values ranged from 25 to 45 mmHg with a mean of 37 mmHg, and there was a 300 per cent increase in tissue PO2 after breathing oxygen for 4 minutes. In patients requiring a below-knee amputation, tissue PO2 at a level lOcm distal to the tibia1 tuberosity was, surprisingly, not significantly reduced from normal values. The rationale for this effect is probably related to adjustments in oxygen utilization by the tissues in response to a reduced blood supply. In particular, the skin has a baseline blood flow well in excess of its nutritional demands, and only a fraction of its oxygen availability is utilized. However we did find reduced tissue PO2 values in the skin of the dorsum of the foot in our amputation patients. A low tissue PO2 is reached when the perfusion becomes so reduced that the increased extraction of .oxygen produces a more pronounced PO2 gradient along the capillaries, and the oxygen tension gradient between blood and tissue in the capillary bed is therefore lowered.
From a theoretical point of view it is possible for a tissue oxygen microelectrode to give incorrect values of PO2 when breathing air, but to give reasonable values for the saturation time when breathing oxygen (saturation time was defined as the time for the differences between oxygen tension at any given time and the final equilibrium time to be reduced by a factor of l/e). On this basis the rate of increase of oxygen tension from air to oxygen breathing could provide a more reliable index of local blood flow rates. In fact, in the skin of the ischaemicfoot the 'oxygen breathing response' may be entirely absent or may rise a few mmHg at best (Fig. 1) . This absent or reduced response to oxygen breathing may be explained using Urbach's (1961) theoretical considerations: the response to oxygen breathing will vary inversely with the volume per cent depletion of oxygen in the local capillary blood.
Comment
Tissue oxygen measurements of this type are excessively difficult to obtain from patients with ischaemic rest pain, and only a few attempts have been made to make such measurements (Montgomery et al, 1950; Ehryl, 1977; Sunder-Plassrnan et al, 1981) . More important however is the difficulty involved in relating these measurements to meaningful physiological parameters associated with the tissue oxygen exchange rate. The values of oxygen tension obtained with our electrode in normal skin are close enough to the venous PO2 to assume that they represent a mean tissue oxygen tension in a region drained by local venules. The possibility that the transition rate when changing from air to oxygen breathing might provide a reliable indication of the local blood flow deserves further research.
Recently, transcutaneous oxygen measurements (TcP02) have been made on ischaemic skin, and the preliminary results suggest that a TcPO2 value of 4OmmHg or more at the '10 cm below-knee' level indicates a good healing potential (Burgess et al, 1982; Franzeck et al. 1982; Dowd et al, 1983; Mustapha et al, 1983; Ratliff et al, 1984) . However, there are many interpretative difficulties.concerning the validity of TcP02 measurements made on ischaemic skin (Spence et a1,1984c) . TcPO2 values are not directly related to the underlying tissue P02, and may not even represent the local oxygen availability because the extraction of oxygen from the blood and its utilization may be considerably altered in ischaemic skin. TcP02 values are certainly related to the local arterial perfusion pressure, and this is especially so in ischaemic skin where the autoregulation of peripheral blood flow is abolished. In our laboratory, using a commercially available transcutaneous electrode (Drager), TcPO2 values ranged from zero to normal (75 mmHg) in ischaemic limbs. A zero TcP02 reading was common despite visible. evidence of capillary filling, and our finding that a low TcP02 recording (c35mmHg) at the site of amputation did not preclude healing is indeed supported by other studies (Dowd et al, 1983; Ratliff et al, 1984) . Despite the difficulties associated with TcP02 measurements, the method has much potential and is far more practical in the clinical context than the needle microelectrode method. However there is a need for further extensive clinical and experimental investigations with the TcP02 technique so that a relationship between transcutaneous oxygen tension and the underlying tissue oxygen exchange rate may be established in both normal and pathological conditions.
Skin blood flow by radioisotope clearance
The measurement of skin blood flow determined by the rate of removal of a freely diffusible radioisotope, injected intradermally, is simple, inexpensive and reproducible. Yet there is a general reluctance amongst those concerned with skin viability assessment to accept the clearance technique. This is surprising and unfortunate because, in experienced hands, the technique can provide a truly objective measure of microcirculatory blood flow.
The clearance of a freely diffusible, biologically inert tracer from a uniformly perfused tissue was first described by Kety (1949) , who demonstrated that the amount of local indicator decreased according to a single monoexponential, described by the equation: 
x where Co and Ct denote the tissue concentrations of the indicator at times 0 and t respectively; F is the perfusion coefficent in mV100g/min and is the tissue-blood partition coefficient in mVgm. Rearrangement to express blood flow (F) in mVlOOg/min gives:
..........
where K is the washout rate constant which can be derived from:
where tlh represents the half-time of the indicator clearance and can be calculated from the slope of the washout curve.
In practice, the inert gas 133-Xenon has been the isotope of choice for skin blood flow measurements and good results have been obtained. However, the clearance of 133-Xenon is greatly hindered by fat where its partition coefficient may be raised more than ten-fold. This affinity for fat affects the clearance of 133-Xenon such that its removal is not monoexponential, making blood flow calculation much more difficult. (4-125-1) Iodoantipyrine [(4-125-1) IAP] is, like 133-Xenon, a freely diffusible indicator. Its advantage over 133-Xenon is that it has a tissue-blood partition coefficient of unity in most tissues including fat (Lassen, 1971) . The disadvantage of commercially available preparations of both (4-125-1) IAP or (4-131-1) IAP is the reported presence of significant quantities of free 125-1 or 131-1 (Lindbjerg, 1967; Munck et al, 1967) , both of which are indicators of restricted diffusibility. For this reason Iodine-labelled iodoantipyrine is not in general use for local blood flow determinations. However, we have reported on a simple method for preparing a stable solution of (4-124-1) IAP which does not undergo radiolysis to any extent-no more than one per cent free Iodine throughout its shelf time (Forrester et al, 1980) . This preparation provides monoexponential clearance in every case (Fig. 2) . (4-125-1) IAP is preferred to 133-Xenon for two other reasons: whereas 133-Xenon washout is affected by the haemocrit, (4-125-1) IAP is not (Carlin et al, 1977) , and furthermore, the intradermal clearance of 133-Xenon may also be influenced by lymphatic flow, diffusion and perfusion processes (Ryo et al, 1982) . From a methodological point of view, it is also important to be aware of the initial part of any radioisotope washout, because this will be affected by injection trauma. However, it is our experience that, with (4-125-1) IAP, a delayed washout is nearly always present in severely ischaemic skin. Whatever isotope is used, it is reasonable to allow 10 minutes to elapse before recording the washout.
The range of blood flow values in normal skin depends mostly on the skin temperature and probably extends from about 3 to 30mV100gl min. In ischaemic skin the perfusion pressure is the major determinant of local blood flow rates, and in our studies in over 300 patients all blood flow values within the normal range are possible. However, blood flow in critically ischaemic skin is significantly reduced and ranges from 0 to 4 mV100g/min, but whether or not a particular value can be said to be "non-viable" in terms of the healing potential of specific amputation flaps, remains controversial. For several years W. S . his colleagues (1973, 1981; Malone et al, 1979 Malone et al, . 1981 have advocated an absolute criterion of 2.6 mVlOOg/min when assessing the adequacy of skin blood flow for primary healing of a below-knee amputation. The flow measurements were made in the anterior skin at a level lOcm distal to the tibia1 tuberosity and values of 2.0 mV100g/min or less denoted no healing potential. However, Holloway and Burgess (1978) using a similar method did not find a definite value below which healing would not occur. They went on to say that skin blood flow measurements "can only serve as guidelines and that the meaning of individual values will depend additionally upon the operation, post-operative care, method of flow measurement and the underlying pathologic conditions". Whilst there is certainly a great deal of truth in this statement, there is only a narrow range of blood flows between what could be considered viable and non-viable. In our own extensive studies with (4-125-1) IAP washout we have yet to come down firmly on an absolute critical value, but we are in general agreement with the position of Moore.
Cornmen1
In our view there is one fundamental deficiency in the clearance method: like most non-invasive methods an estimation of blood flow at a single point is provided. It is difficult to see how this measurement relates to whole areas of skin and therefore to the planning of individual amputation flaps. Multiple measurements are needed and individual values must be related to local amputation flaps rather than to standard procedures.
It is also worth stressing that blood flow values quoted in the literature and by us pertain to measurements made in the leg but not the foot. In our experience, skin blood flow measurements made in the foot are quite different, exceptionally variable and of little use in determining healing potential. Despite the limitations of this method, we are convinced that, in careful hands, valuable and influential information regarding the state of skin perfusion can be achieved.
Infrared thermography
The potential of the thermographic method for estimating the optimum amputation level has long been recognised (Lloyd-Williams, 1964; Cade et al, 1970 ), yet there are few reported studies in the literature (Henderson et al, 1978; Spence et al, 1981) . In fact, to this day, thermographic studies on lower limb ischaemia are treated with a great deal of suspicion. This is not surprising, since local thermobiological processes in ischaemic skin are complex and ill understood. In normal skin, blood flows through arterioles, capillaries, arteriovenous anastomoses and venules, and all of these contribute to the conductive and convective mechanisms which bring heat to the skin surface and ultimately from the skin surface by the emission of infrared radiation. The capillaries act as the greatest heat exchangers, but arteriolar diameters and especially the volume flow in the small venules can significantly affect the heat flux. The central control of blood flow is mediated via different pathways, but it is mainly governed by the autonomic nervous system. This control is particularly sensitive in the hands and feet. For this reason, the interpretation of distal thermograms is especially difficult yet they are nonetheless informative. In this review, only thermograms which concern the level of amputation around the knee will be discussed. At this level, autoregulation of blood flow may be entirely absent in ischaemic skin and, as previously mentioned, perfusion may be essentially pressure dependent. Under these conditions thermographic gradients which define the level of viability are directly related to the underlying skin blood flow (Spence et al, 1984b) .
Undoubtedly the poor quality of thermographic images in the past has been detrimental to the progress of the method. Recent improvements in thennographic apparatus has led to high quality spatial and temperature resolution images. This improvement has been important because the poor quality of thermal images had previously led to over-enthusiastic interpretation of suspect information.
In our laboratory, a new Digital Philips Thermograph is used and the images are stored on floppy discs and analysed with a microcomputer.
Room temperature is controlled at 21 k 1.5"C and a 15 minute stabilization period is adhered to. Anterior and posterior thermograms are taken with the patient supine and prone respectively, such that thermal gradients around the circumference of the limb may be defined. Each thermographic image represents an area from mid-thigh to ankle, and the temperature gradient along a limb may be described by 10 or 15 colour isotherms between underrange black (Black Level) and overrange white (White Level). Any range of temperature from 2°C to 14°C may be taken to represent the colour isotherms between the Black and White levels, but in our experience the 6°C range is optimal. This provides colour thermograms with a 10 or 15 colour range representing 0.6"C or 0.4"C respectively. As the temperature of the Black level is known in absolute terms, the temperature values of each isotherm can be calculated. However, it is the temperature gradient which is important, not the actual temperature, and so each thermogram is standardized such that the maximum isotherm (just below the White Level) is set at the mid-thigh level, and the gradient down the limb is defined thereafter by the proximity of the remaining isotherms. Using these isotherms, levels of viability, questionable viability and non-viability can be outlined. Currently we define a level of non-viability by the isotherms below the 5°C segment of the gradient and a level of viability proximal to the 4°C isotherm. The isotherms within the 4-5°C distal segment of the temperature gradient are considered to be of questionable viability, but might nevertheless be incorporated in a specific amputation flap, depending on the clinical situation.
There is no doubt that a more detailed quantitative approach to the analysis of thermal gradients at potential skin flap sites is needed, and indeed we are involved in this exercise at present. However, we have used the above isothermal criteria for several years with a high degree of success (Spence et al, 1981) . In the majority of ischaemic limbs which present for amputation a t the below-knee level the thermal gradient is either not particularly significant or, it is only significant at a more distal level ( Fig. 3  top left) . In these cases the clinical and thermographic assessments rarely contradict. However, in about 30% of patients, the clinical assessment of the level of amputation is in doubt and in these cases a thennographic assessment provides a good indication as to whether a below-knee procedure is possible, or whether to proceed to a higher level (Fig. 3 top right and  bottom left) .
Interestingly, the most important role for thermography may not be in the selection of amputation level, but in the planning of specific skin flaps. In many cases the thermal gradient lies not only in a longitudinal direction but also runs across the limb (Fig. 3. bottom right) . This problem highlights the importance of performing both anterior and posterior thermograms on patients with doubtful belowknee viability, so that the level of viability can be determined circumferentially. Clinical trials are underway to determine the healing potential of thermographically defined amputation flaps.
Comment
We are in no doubt that the thermographic method has the greatest potential in the planning of specific amputation flaps. The method is reliable, easy to use, reproducible and can provide information on whole skin areas. Of course we are aware of its present limitations. It is reasonable to assume that a significant thermal gradient represents a correspondingly significant diminution of skin blood flow. However, it is not reasonable to assume that particular isothermal criteria will always provide the same level of blood flow; i.e. the range of blood flows describing our thermal gradients may vary. Indeed, in a recent communication (Spence et al, 1984b) , we have shown that the skin blood flow at the important distal end of the thermal gradient varies by as much as 2mV100gl min and by as much as 4mV100g/min at the proximal end. Nevertheless, it is the proximity of the isotherms (temperature gradient) which provides the best indication of the level of viability rather than a particular isotherm, and it is now important that we are more objective about this parameter. A quantitative index of the potential viability of an area of skin can be obtained from isothermal criteria which will lead to more standardized methodology, and ultimately, to verification of the method.
Con c I u s i o n
At present, clinical judgement continues to play the most prominent role in the selection of the optimum level of amputation in an ischaemic limb. That this is so, clearly indicates that no reasonable alternative investigative method has been fully accepted. Undoubtedly, the assessment of tissue viability is a difficult problem, yet it is somewhat surprising that Fig. 3 . Top left, a lower limb anterior thermogram from a patient who required amputation for ischaemic rest pain. The thermal gradient which demarcates the level of viability begins at a level 18cm distal to the tibia1 tuberosity. Ctinically, a below-knee amputation was not in doubt, and this is confirmed by the thermogram. Top right and bottom left, anterior thermograms from two patients who required lower limb amputation for both ischaemic rest pain and distal gangrene. The below-knee amputation level was considered to be clinically doubtful in both cases. In the top right illustration the thermal gradient is only just consistent with below-knee healing, a below-knee amputation was successfully achieved. In the bottom left picture the thermal gradient denotes a very high degree of risk for below-knee healing, an above-knee amputation was carried out. Bottom right, demonstration of an anterior medial-lateral thermal gradient at the all important below-knee level. The lateral skin blood flow of 1.9 mUlOOg/min denotes border tine viability, but the blood flow on the medial skin is near normal. A below-knee amputation was successfully performed.
despite the intensive research efforts of the past 20 years, the problem remains as insoluble as ever. However, much of the technology and methodology, for at least addressing the problem of tissue viability assessment, is currently available and has been around for some considerable time. Measurement of skin blood flow by radioisotope clearance and the assessment of skin oxygen transport by either transcutaneous or needle electrodes can provide reliable indications of tissue perfusion, albeit at a single or multiple individual points. Thermographic imaging, on the other hand, provides detailed direct information relating to the circulation through whole areas of skin, but at present the method lacks the necessary quantification. It should be readily apparent that a combination of thermographic mapping and skin blood flow or oxygen tension measurements should maximize the extraction of potentially useful information and negate the deficiencies of a particular method. We have already established that there is a direct relationship between temperature gradients and skin blood flow measurements in the ischaemic limb (Spence et al, 1984b) , and it now remains to be seen whether such measurements can be sufficiently objective to allow for the outlining of specific amputation flaps to fit individual clinical circumstances.
It is perhaps reasonable to conclude that, as yet, no single method has emerged as the standard by which all others may be compared. However, a combination of methods, such as thermography and radioisotope clearance, provides just optimism for the future.
